Abstract-The measured response of a monolithic microwave integrated circuit (MMIC) to the sub-terahertz (300 GHz) radiation is in qualitative agreement with the analytical theory of the overdamped plasmonic detection and has been used to establish and identify the integrated circuit faults. The bias and polarization dependences of the response measured between the different pins provide information about the faults location. In contrast to a more conventional terahertz and radio frequency imaging and testing techniques, this method relies on the electronic response with the resolution determined by the transistor size. Another advantage of this non-destructive non-contact approach is that the MMICs or VLSIs can be tested either biased or unbiased. Multiple transistors within the circuit or the entire circuit can be tested fast.
I. INTRODUCTION

I
NCREASING complexity and decreasing feature size of integrated circuits brings to the forefront the issues of rapid, comprehensive, non-destructive and ubiquitous testing. Terahertz (THz) imaging has been used for testing VLSI [1] but the image quality is limited by the diffraction limit on the order of tens of microns because of a relatively long wavelength of the sub-THz and THz radiation. Using the laser terahertz emission microscopy for testing VLSI, the resolution could be improved to approximately 3 microns [2] , [3] which still might not be good enough for modern Very Large Scale Integration (VLSI) with feature sizes as small as 7 nm [4] .
In this paper, we propose measuring the DC voltages induced in field effect transistors by impinging sub-THz or THz radiation as a way to test monolithic microwave integrated circuits (MMICs) and VLSI and demonstrate the applicability of this approach by identifying faults in an MMIC. By measuring the DC voltage at the contacts of the device, we gain significantly more information than is possible by analyzing a THz image. The resolution of a THz image is determined by the wavelength, which is 300 micron at 1 THz. The resolution of our technique is determined by the minimum detectable change of position of Field Effect Transistor (FET) with respect to the impinging THz beam, which is less than a micron. Scanning a field effect transistor with respect to a sub-THz beam demonstrated the resolution on the order of a micron [5] , [6] . As shown in [7] , the resolution of the nanometer scale resolution can be achieved because it is limited by the gate length. As was first proposed in 1996 [8] , field effect transistors (FETs) can be used as efficient detectors of the THz radiation using the excitation of propagating or overdamped plasma waves in the two-dimensional electronic fluid in the FET channels. Such plasmonic detectors could operate at frequencies much higher than their cut-off frequency or maximum frequency of oscillations. For an ideal THz detector, the FET must be designed to maximize the coupling between the THz field and the FET transistor. This could be achieved using hybrid or monolithically integrated antennas. [9] , [10] The optimized plasmonic FET responsivity could be as high as a few kV/W [11] , [12] . However, even commercial FETs with no antennas produce a significant DC voltage when exposed to THz radiation. In these devices the THz radiation is absorbed through the contact pads and ungated regions of the channel in the FET. In this case, typical responsivities are on the order of a V/W [6] , [7] . A typical commercial 300 GHz source has approximately 10 mW power [13] , more than enough to induce DC voltages of the order of a millivolt or a tens of microvolts that could be easily measured. In short high mobility FETs there will be a strong resonant detection of the THz signal. For low mobility FETs there is a weaker broadband detection of the THz signal. FETs operating in the plasmonic regimes have been also used as THz mixers [14] , [25] , and frequency multipliers at THz and sub-THz frequencies [8] with no special antennas, The plasmonic FET detectors compete with commercially available Schottky diode detectors but have advantages of detecting single THz pulses with enhanced responsivity and being compatible with integrated circuit technologies, including Si CMOS [15] . As was shown in [16] , a THz overdamped plasmonic response can be used to detect faults in Si CMOS. We now extend this technique to add the polarization dependence as a part of the THz response and apply this technique to testing a Monolithic Microwave Integrated Circuit (MMIC). The advantage of this approach to testing MMICs and VLSIs is that the transistors can be tested not only under bias but also unbiased (so there 1558-1748 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. is no need to connect them to the sources). Several transistors within the circuit and the entire circuit can be tested. In case of a VLSI with many pins, the matrix of the voltages induced between different pins can produce "an image" of the circuit that could be compared with an etalon image. By creating the databases of such images obtained at different frequencies, polarization, angle of incidence and biases and establishing the correspondence of such images comparison with the VLSI with different defects identified using the combination of this techniques with the testing results by more conventional methods it might be possible to identify certain defects from the pin voltage images. Therefore, thistechnique can provide a quick test to detect defects verify the consistency of VLSI processing or distinguish genuine parts from fake chipsThis technique could be a valuable component of a comprehensive quality control effort for MMIC and VLSI devices.
II. EXPERIMENTAL RESULTS AND DISCUSSION
To test this approach, we used the TriQuint Semiconductor TGA4706-FS and TGA4705-FS Flip-Chip Low Noise Amplifiers, see Fig. 1 , operating in the frequency Range: 76 -83 GHz and 72-80 GHz, respectively. Figures 2 and 3 show the current voltage characteristics measured on the MMICs terminals which lead to gates and drains of separate transistors in TGA4706-FC. Note that biasing and matching passive elements are included between these output terminals and transistors. Figure 2 shows the characteristics for the virgin circuit, Fig. 3 shows the characteristics for the circuit damaged by adding a drop of a conducting glue in the vicinity of the input transistor (Transistor 1). The purpose of this conducting glue is to simulate an unintended short circuit, which, in practice, may result from a fault in the integrated-circuit fabrication process (for instance, during the metallization, sputtering, or annealing procedures). As seen from Fig. 3 , the input transistor stopped working in the damaged amplifier. Figure 4 shows the experimental setup. In order to measure the response of the MMIC to the terahertz radiation, the transistor was biased in the standard common source configuration. The gate terminals were biased relative to the grounded sources and the signal directly from the drains was fed to the lock-in amplifier. The low power (∼40 μW) 300 GHz, 4 kHz modulated radiation was generated by signal generator extension module VDI 3.4SGX (Virginia diodes Inc.) The MMIC was connected using the standard probe station. The radiation was focused on the MMIC using parabolic mirrors. The size of the focused spot was adjusted to be bigger than the MMIC. A relatively big focused spot made the measurements more reliable. Our experiments show that the measurement results are reproducible and repeatable. The small changes in the MMIC position with respect to the sub-THz beam did not affect the defect response signature and only slightly changed the response amplitude. The integration time of the lock-in amplifier of 10 ms limited the characteristic test time. In general, it can be reduced using a higher modulation frequency. Direct, faster measurements without a lockin amplifier are possible if the higher power sub-terahertz source is used. In this case the test time can be reduced to the microsecond or even nanosecond time range since the ultimate response time of a FET operating in a plasmonic regime is in the picosecond range [18] . Figures 5 and 6 show the DC response on the drain terminals of the virgin and damaged amplifiers as a function of the gate voltage under exposure to the 300 GHz radiation. These dependences have the similar shape as response from a single transistor (see, for example [7] , [19] ). As expected, the response peaks at the transistor threshold voltage (compare with Figures 2 and 3 ). This shows that the THz response could be used for the threshold voltage extraction. As seen, the two circuits have different shapes and amplitudes of the response. The shape of the dependences is in qualitative agreement with the analytical theory of the overdamped plasmonic detection [20] . As seen from Fig. 5 , the response to 300 GHz radiation for the transistors 1 and 2 is different, although their transfer current voltage characteristics are identical. This is the effect of inductors and capacitors as well as resistors included in the circuit for the biasing and matching purposes.
As mentioned above, a big advantage of this technique is that the test could be performed even when the MMIC is not biased. In this regime, the noise for our devices was on order of a fraction of a microampere. Under bias, the dominant source of the low frequency noise is 1/f noise (see, for example [21] , which was only a slightly larger for our measurement conditions. Hence, as seen from the comparison with Figures 5 and 6 , the signal-to-noise ratio was large enough.
Similar results were obtained for the amplifier TGA4705-FC. Figure 7 shows the polarization dependences of the response compared with the cosine response expected for a straight interconnect conductor (similar to the plasmonic polarization dependence reported in [22] ). This shape of the polarization response is consistent with THz radiation coupling viabonding connections [22] . The polarization response could be also used as a part of the test vector for identifying the circuit faults.
Future extensions of this technique could use the frequency dependence of the response as a part of the defect signature. As shown in [23] , the responsivity of FETs is a strong function of frequency and the device feature size. A crude estimate of the peak response frequency, f peak ,extracted from the results of [23] is given by f peak , ∼ α/L, where L is the gate length and α ∼ 15 THz/nm, α ∼ 130 THz/nm, and α ∼ 45 THz/nm for Si, InGaAs and GaN FETs, respectively. At lower frequencies, the response drops approximately as 1/ f 2 and, at frequencies higher than the peak frequency it drops approximately as 1/ f 0.5 . Hence, this technique could work in fairly broad frequency range.
Our results show that our technique is capable of resolving a single transistor defect in an integrated circuit. The ultimate resolution is expected to be even higher, since the transistor response strongly depends on the boundary conditions at the gate edges [24] on the leakage current [22] and on parasitic resistances [23] . Hence, a detailed defect response studies might allow obtaining response signatures specific to certain types of defects.
III. CONCLUSIONS A response to the THz radiation measured between the pins or contact pads of an integrated circuit allows to establish and identify the integrated circuit faults using the response bias and polarization dependences. In contrast to more conventional testing techniques, the proposed technique does not yield the specific RF parameters of the MMIC. Instead, it allows for identifying and using multiple and detailed response signatures of the working and defective devices with different kinds of faults. Our measurements on a single device showed that the excessive leakage [16] and the threshold voltage shift can be identified in addition to a catastrophic device failure. Further identification of the response signatures for different defect types will require additional studies for MMICs. The identification of specific defects is not possible using RF testing techniques, which examine the MMIC as a whole. Hence, the proposed method is especially useful at the initial stages of MMIC design and test fabrication and as an auxiliary testing technique supplementing RF tests. Another advantage of the proposed technique is that it does not require complicated and expensive RF equipment, such as network analyzers, and RF probe stations. The tests can be done on wafer using standard low frequency probe station.
